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Quantum complementarity states that particles, e.g. elec-
trons, can exhibit wave-like properties such as diffraction
and interference upon propagation. Electron waves de-
fined by a helical wavefront are referred to as twisted elec-
trons [1–3]. These electrons are also characterised by a
quantized and unbounded magnetic dipole moment par-
allel to their propagation direction, as they possess a net
charge of −|e| [4]. When interacting with magnetic mate-
rials, the wavefunctions of twisted electrons are inherently
modified [5–7]. Such variations therefore motivate the
need to analyze electron wavefunctions, especially their
wavefronts, in order to obtain information regarding the
material’s structure [8]. Here, we propose, design, and
demonstrate the performance of a device for measuring
an electron’s azimuthal wavefunction, i.e. its orbital an-
gular momentum (OAM) content. Our device consists of
nanoscale holograms designed to introduce astigmatism
onto the electron wavefunctions and spatially separate its
phase components. We sort pure and superposition OAM
states of electrons ranging within OAM values of −10 and
10. We employ the device to analyze the OAM spectrum of
electrons having been affected by a micron-scale magnetic
dipole, thus establishing that, with a midfield optical con-
figuration, our sorter can be an instrument for nano-scale
magnetic spectroscopy.
The helical wavefronts of twisted electron wavefunctions
bestow additional mechanical and magnetic properties to their
massive and charged nature. For instance, upon elastic in-
teraction, these magnetic properties along with the opposite
handedness of twisted electrons allow for probing magnetic
chirality as well as magnetic dichroism [5–7]. The added
unbounded twisted motion to these charged particles is per-
tinent to the investigation of the nature of radiation [9], virtual
forces and increasing the lifetime of unstable and metastable
particles [10]. From a more fundamental viewpoint, struc-
tured electrons also provide novel insights into the quan-
tum nature of electromagnetic-matter interaction, e.g. real-
isation of Landau-Zeeman states [11, 12] and spin-to-orbit
coupling [13]. OAM-carrying electron waves can be gener-
ated through a variety of methods by directly interacting with
the electrons’ wavefronts. These processes rely on devices
such as spiral phase plates [1], amplitude and phase holo-
grams [2, 14, 15], cylindrical lens [16] mode converters, or
even electron microscope corrector lenses [17]. Spin-to-orbit
coupling has also been theoretically proposed as a method to
add OAM onto electrons [18]. Other methods to do so exploit
the magnetic properties of electrons, most notably by employ-
ing a magnetic needle simulating a magnetic monopole [19].
Reciprocally, devices used to generate twisted electrons can
also be adapted to measure an electron’s OAM content [20].
The most commonly employed of these devices relies on a
series of projective phase flattening measurements allowing
one to obtain the magnitude of each OAM component of a
beam’s spectrum [21]. To perform such an analysis, an OAM
component’s wavefront is flattened, thus causing it to gain a
Gaussian-like profile upon propagation [22]. This profile al-
lows it to be easily selected from the remaining parts of the
beam and therefore to evaluate the intensity of this compo-
nent. To obtain these relative intensities, each component
needs to be coupled to the device’s electron detection mech-
anism. However, this coupling process is biased toward elec-
trons carrying lower absolute values of OAM thus introducing
discrepancies in the measured spectrum [23]. Moreover, much
like how different types of OAM carrying beams are generated
using different devices, different devices are required to flat-
ten the wavefronts of the beam’s various OAM components.
Therefore, though such an analysis of a beam’s OAM content
is efficient, it also requires a substantial number of elements to
perform repetitive measurements. There are also other OAM
measurement methods relying on interferometry [24], though
they possess serious limitations such as a limited amount of
information that can be extracted from obtained interference
patterns or also by the need of an extremely stable interferom-
eter. Interferometry is also of limited usefulness when analyz-
ing the OAM content of inelastically scattered electrons due
to their short coherence lengths.
A viable alternative to these methods is available in op-
tics and relies on transforming an OAM-carrying photon’s az-
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2imuthal phase variations into transverse phase gradients that
can be spatially resolved and separated with a lensing ele-
ment [25, 26]. The device thus effectively behaves as an OAM
spectrometer which could be of significant interest in electron
optics and materials science as it would provide detailed in-
formation on a material’s magnetic spectrum.
The operation of our presented electron OAM spectrome-
ter relies on a similar OAM separation process. Much like its
optical counterpart, it is essentially based on unwrapping the
azimuthal phase variations associated with an electron’s OAM
into variations over a Cartesian coordinate of the plane trans-
verse to the electron’s propagation. This effectively causes the
electron’s original helical wavefronts to become planar and
inclined with respect to the beam’s original direction of prop-
agation. Namely, the degree to which these wavefronts are
tilted will increase with the azimuthal variation of the elec-
tron’s original phase profile, i.e. its OAM. As a result, fo-
cusing these “unwrapped” waves with a lensing element will
cause electrons originally carrying different OAM values to
focus at correspondingly separate lateral positions. By us-
ing this method, we are thus able to decompose an electron
beam’s OAM content by measuring the relative electron in-
tensity at each of these possible focusing positions.
The unwrapping process, as detailed in [25], requires the
beam’s transverse profile in polar coordinates (r, ϕ) to be
mapped to Cartesian coordinates. Such a transformation can
be achieved by means of a conformal mapping between the
Cartesian coordinates of the initial beam’s profile (x, y) and
those of its final profile (u, v). This conformal mapping, Φ,
involves taking the logarithm of the beam’s transverse wave-
function ψ`(r, ϕ) = f (r) exp (i`ϕ) and scaling it with param-
eters a and b, i.e. Φ(ψ`) = a ln (ψ`/b). Performing such a
mapping will result in the following wavefunction
Φ( f (r) exp (i`ϕ)) = U + i V
= a ln ( f (r)/b) + i a`ϕ.
(1)
Such mappings are commonly conducted using phase ele-
ments performing a log-polar coordinate transformation satis-
fying u = −a ln (r/b) and v = aϕ. We adopt a similar diffrac-
tive approach to develop our sorter using two electron phase
holograms (see Supplementary Materials for more details) as
displayed in Fig. 1.
The first of the holograms effectively maps the electron’s
azimuthal phase variations along a Cartesian coordinate while
the second provides phase corrections to defects induced by
the first hologram. We depict this process in Fig. 1 where
we show an electron beam’s recorded transverse profile as it
propagates through the sorter. Here, we use electrons consist-
ing of a superposition of states defined by OAM values of ±5,
i.e. (ψ+5(r, ϕ) + ψ−5(r, ϕ))/
√
2 [27]. Such a beam consists of
a series of ten lobes that are equidistantly arranged along a
ring shaped outline in the beam’s transverse plane. The pres-
ence of these lobes is a direct result of the beam consisting
of a superposition of two OAM components defined by the
same magnitude, yet by opposite signs. More specifically, as
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FIG. 1. Schematics of the electron sorter depicting TEM images
of the phase holograms. These schematics also show an electron
beam’s experimental transverse intensity profile recorded at various
planes in the sorting apparatus. A hologram in the sorter’s genera-
tor plane, which corresponds to the electron microscope’s condensor,
produces an electron beam carrying OAM. In this particular case, the
beam consists of a superposition of ±5 OAM states. The beam then
goes through a hologram in the apparatus’ sorter plane, positioned at
the microscope’s sample holder, which performs the required confor-
mal mapping (x, y) 7→ (u, v). Once the beam is unwrapped, it passes
through a hologram in the sorter’s corrector plane corresponding to
the microscope’s SAD aperture. This hologram brings corrections
to any phase defects to the beam in order to stabilize its propaga-
tion through the rest of the sorter. At the sorter’s output, the original
beam’s OAM content is spatially resolved on a screen and captured
by a CCD camera. Scanning electron microscopy (SEM) images of
the depicted holograms, the ones in the generator, sorter, and correc-
tor planes, are shown in a, b, and c, respectively.
they arise from the beam’s OAM content, these lobes are addi-
tionally related to its constituent ` = ±5 electrons’ transverse
azimuthal phase profiles. The beam was generated using the
phase mask whose TEM image along with an image of the
beam transmitted through such a hologram can be found in
the generator plane of the sorter found in Fig. 1. After pass-
ing through the sorter’s first hologram, these lobes rearrange
themselves into a line since the beam’s azimuthal phase vari-
ations have been unwounded along one of the Cartesian coor-
dinates of its transverse plane. The beam propagates through
the second hologram, shown in the corrector plane of Fig. 1,
in order to stabilize its propagation. The beam then propa-
gates through a lens and is focused on a screen. This allows
for the initial beam’s OAM content to be readily analyzed as
depicted in the final plane of Fig. 1.
A more thorough calibration of the sorting apparatus was
then performed by repeating the above process for wavefunc-
tions carrying various values of OAM. The spectra result-
ing from this calibration have been background subtracted
and deconvoluted using conventional spectroscopy methods
(see Supplementary Materials). These results are displayed in
Fig. 2 for the case of wavefunctions defined by single and su-
perpositions of OAM states ranging from -10 to 10. Based on
the various parameters defining the phase profile of the holo-
grams used in the sorter, the cross-talk between components
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FIG. 2. Experimental OAM spectra of various electron beams
directly obtained from the sorter’s output. Spectrum of a beam
consisting of electrons defined by: a OAM of +1, ψ+1, produced
with a spiral phase plate; b a superposition of ±4 OAM states,
(ψ+4 + ψ−4)/
√
2, generated by a phase mask; c a superposition of ±5
OAM states, (ψ+5 + ψ−5)/
√
2, generated by a phase mask; d OAM
of +10, ψ+10, produced by a spiral phase plate. SEM images of the
devices used to generate the analyzed electron beams are provided in
the insets of their respective spetra.
of the electrons’ OAM spectra is expected to be below 20%.
However, due to fabrication and alignment imperfections in
our apparatus, including the holograms generating the OAM
carrying electrons, we observe higher values of cross-talk be-
tween OAM components. The values of the cross talk ob-
served in the spectra shown in Fig. 2 were found to be a
28%, b 43%, c 39%, and d 18%. Though this may be the
case, the sorter’s performance is clearly observed through the
distinct separation of the OAM states contained in the specific
electron beams.
This sorter can be used to analyze magnetic structures af-
fecting the OAM content of an electron beam. Here, we use
our sorter to analyze the magnetic properties of a magnetized
sample deposited using the method described in [28], a cobalt
magnetic dipole in our case. To do so, the dipole has been po-
sitioned in the sorting apparatus in a way to replace the holo-
grams that were previously generating the test wavefunctions.
This magnetic structure consists of a single magnetic bar. A
SEM image of the bar can be found in Fig. 3-a. Its magnetic
configuration is namely characterized by a strong elongation
enforcing the presence of a strong net magnetic dipole mo-
ment even after the magnetizing field is removed. Its rema-
nence field was also characterized using electron holography
and Lorentz imaging and is depicted in Fig. 3-b.
The potential use of the sorter for this particular measure-
ment arises from the fact that the term introduced by a mag-
netic dipole onto a passing Gaussian electron beam wavefunc-
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FIG. 3. OAM spectrum of an electron beam having interacted
with a magnetic dipole. a SEM image of the analyzed magnetic bar
configurated as a dipole. The bar is defined by dimensions of 100 nm
(thickness) by 200 nm (width) by 2.8 µm (length). b Magnetic field
lines of the magnetic bar. c Expected (curve) and obtained (bars)
OAM spectrum acquired by the electron beam upon interacting with
the magnetic bar. The expected curve was calculated assuming that
its magnetic field is saturated. Unlike the measurement performed in
b, the experimental data was obtained while the dipole was exposed
to a field in the condenser plane of the electron microscope.
tion can be written as
g(r, ϕ) = exp (i χ(r) sinϕ) (2)
where χ(r) = (eµ0M)/(hr), h is the Planck constant, µ0
is the permeability of free space, and M is the dipole’s
magnetic moment. In order to observe the effect that such
a term will have on an electron’s OAM content, g(r, ϕ)
must be Fourier-expanded in terms of ϕ, namely g(r, ϕ) =∑∞
`=−∞ c`(r) exp(i`ϕ), where c`(r) are expansion coefficients.
However, given that the resulting expansion terms carry a
quantized azimuthal phase defined by `, then it follows that
these components also carry OAM values of `. By default,
the expansion coefficients c` correspond to the weight of each
OAM component of a beam having been affected by the mag-
netic dipole. These coefficients can be found using the Jacobi-
Anger expression and correspond to J`(χ(r)), where J` is the
`th order Bessel function of the first kind. This formulation
of the added phase clearly depicts the imparted OAM content
of the dipole onto the electron beam’s wavefunction hence the
4ability to use the sorter to measure this magnetic dipole mo-
mentM.
Though a more detailed analysis can be used to predict the
OAM spectrum induced by the magnetic dipole, one can in-
stead employ a simplified model to do so based on the appa-
ratus’ layout. The use of this model is justified by the trunca-
tion of the beam after passing through the first of the sorter’s
holograms. Such truncations result in lensing effects which
will consequently displace electrons that were originally posi-
tioned at the hologram’s cutoff radius rmax. As a result, these
electrons will occupy a greater area of the beam following the
truncation. Their profile will therefore also be spatially ex-
tended in the observed OAM spectrum. This will cause the
general outline of the sorter’s output to be predominantly as-
sociated with these electrons. Strictly speaking, the output
spectrum of the sorter will be determined by its numerical ap-
perture. Therefore, we may approximate the phase added by
the dipole onto the beam as χ(r) sinϕ ≈ χ(rmax) sinϕ which
effectively removes the need to consider the radial dependence
of the beam’s OAM. From this analysis, the relative probabil-
ity of finding an electron of OAM `~ in the resulting beam
is given by the coefficient |c` |2 = |J|`|(χ(rmax))|2 which will
also yield the beam’s observed OAM distribution as a func-
tion of `. This analysis, in agreement with a more rigorous
approach based on numerical calculations and also an ana-
lytical approach (see Supplementary Materials), reveals that
the dominant decomposition coefficients of such an electron’s
spectrum will be attributed to ` values satisfying |`| ≈ χ.
Using the sorter, the OAM content of the wavefunction af-
ter its interaction with the dipole was recorded and is shown in
Fig. 3-c. We find that the beam’s OAM content is mostly dis-
tributed near ` = ±5 thus implying that the dipole is defined
by a χ value of approximately 5 radians. This value roughly
translates to a magnetic dipole moment ofM ≈ 6.2 × 109 µB,
where µB is the Bohr magneton, and is in good agreement
with our estimated value of the structure’s saturated magnetic
dipole moment of 6.7 × 109 µB. The corresponding numer-
ically simulated OAM spectrum based on these parameters
is also included in Fig. 3-c. These numerical results were
obtained using our simplified model where we assume that
χ(r) sinϕ ≈ χ(rmax) sinϕ and are in good agreement with data
based on the saturation field of the wire.
In comparison with other methods used to examine mag-
netic fields, c.f. [22, 29, 30], the OAM sorter proves its ef-
fectiveness by readily providing the beam’s OAM spectrum.
For an identical number of detected electrons, this content is
namely defined by an image showing twenty |c` |2 OAM coeffi-
cients yielding more information about a beam’s phase than an
image obtained using holographic methods. Moreover, such
images do not allow a direct measurement of a sample’s mag-
netic information. Instead, this quantity has to be extrapo-
lated from the field in the dipole’s proximity. In addition, the
OAM sorter method does not rely on any phase wrapping or
unwrapping methodology which simplifies a magnetic field’s
analysis. Further developments could also allow the improve-
ment of this device and the possibility to exploit it in atomic
scale measurements or in conjunction with scanning electron
probes. Given that the sorter only requires the phase masks in
two distinct planes, then its performance will become more ef-
fective if absorptive elements like phase holograms were sub-
stituted by structured electrostatic fields [31].
Our sorter method also possesses the following prospective
extensions. On one hand, when using the sorter to analyze
magnetic structures, the radial dependence of the phase added
by such structures can be lowered by exposing them to a beam
already carrying a known OAM value. This will cause the
beam to have a maximal intensity at a certain radius r`. There-
fore, the majority of the beam’s electrons having interacted
with the structure acquire a phase whose radial dependence
will be attributed to r`. Much like how we approximated the
phase acquired by electrons to be predominantly defined by
the truncation radius of our apparatus rmax, we could likewise
add additional importance to electrons attributed to a radius
of r`. Such an approximation could provide additional sim-
plifications that are needed for matching the outcome of these
magnetic measurements with theory. On the other hand, a
minor modification to the sorter’s schematics can be brought
to sort electron modes in a different mutually unbiased basis,
namely the so-called angular basis [26]. Performing an addi-
tional set of measurements of an electron’s phase in this basis
could provide additional information, e.g. regarding the phase
of the OAM expansion coefficients c` [32], concerning the in-
teraction of a magnetic field with electron beams.
[1] Uchida, M. & Tonomura, A. Generation of electron beams car-
rying orbital angular momentum. Nature 464, 737–739 (2010).
[2] Verbeeck, J., Tian, H. & Schattschneider, P. Production and
application of electron vortex beams. Nature 467, 301–304
(2010).
[3] McMorran, B. J. et al. Electron vortex beams with high quanta
of orbital angular momentum. Science 331, 192–195 (2011).
[4] Bliokh, K. Y., Bliokh, Y. P., Savel’ev, S. & Nori, F. Semiclassi-
cal dynamics of electron wave packet states with phase vortices.
Physical Review Letters 99, 190404 (2007).
[5] Lloyd, S., Babiker, M. & Yuan, J. Quantized orbital angular
momentum transfer and magnetic dichroism in the interaction
of electron vortices with matter. Physical Review Letters 108,
074802 (2012).
[6] Schattschneider, P., Lo¨ffler, S., Sto¨ger-Pollach, M. & Verbeeck,
J. Is magnetic chiral dichroism feasible with electron vortices?
Ultramicroscopy 136, 81–85 (2014).
[7] Asenjo-Garcia, A. & de Abajo, F. G. Dichroism in the interac-
tion between vortex electron beams, plasmons, and molecules.
Physical review letters 113, 066102 (2014).
[8] Harris, J. et al. Structured quantum waves. Nature Physics 11,
629–634 (2015).
[9] Kaminer, I. et al. Quantum cˇerenkov radiation: Spectral cutoffs
and the role of spin and orbital angular momentum. Physical
Review X 6, 011006 (2016).
[10] Kaminer, I., Nemirovsky, J., Rechtsman, M., Bekenstein, R. &
Segev, M. Self-accelerating dirac particles and prolonging the
lifetime of relativistic fermions. Nature Physics 11, 261–267
(2015).
5[11] Bliokh, K. Y., Schattschneider, P., Verbeeck, J. & Nori, F. Elec-
tron vortex beams in a magnetic field: A new twist on landau
levels and aharonov-bohm states. Physical Review X 2, 041011
(2012).
[12] Schattschneider, P. et al. Imaging the dynamics of free-electron
landau states. Nature Communications 5, 4586 (2014).
[13] Bliokh, K. Y., Dennis, M. R. & Nori, F. Relativistic electron
vortex beams: angular momentum and spin-orbit interaction.
Physical Review Letters 107, 174802 (2011).
[14] Harvey, T. R. et al. Efficient diffractive phase optics for elec-
trons. New Journal of Physics 16, 093039 (2014).
[15] Grillo, V. et al. Highly efficient electron vortex beams generated
by nanofabricated phase holograms. Applied Physics Letters
104, 043109 (2014).
[16] Schattschneider, P., Sto¨ger-Pollach, M. & Verbeeck, J. Novel
vortex generator and mode converter for electron beams. Phys-
ical review letters 109, 084801 (2012).
[17] Clark, L. et al. Exploiting lens aberrations to create electron-
vortex beams. Physical Review Letters 111, 064801 (2013).
[18] Karimi, E., Marrucci, L., Grillo, V. & Santamato, E. Spin-to-
orbital angular momentum conversion and spin-polarization fil-
tering in electron beams. Physical Review Letters 108, 044801
(2012).
[19] Be´che´, A., Van Boxem, R., Van Tendeloo, G. & Verbeeck, J.
Magnetic monopole field exposed by electrons. Nature Physics
10, 26–29 (2014).
[20] Guzzinati, G., Clark, L., Be´che´, A. & Verbeeck, J. Measur-
ing the orbital angular momentum of electron beams. Physical
Review A 89, 025803 (2014).
[21] Mair, A., Vaziri, A., Weihs, G. & Zeilinger, A. Entanglement
of the orbital angular momentum states of photons. Nature 412,
313–316 (2001).
[22] Saitoh, K., Hasegawa, Y., Hirakawa, K., Tanaka, N. & Uchida,
M. Measuring the orbital angular momentum of electron vor-
tex beams using a forked grating. Physical review letters 111,
074801 (2013).
[23] Qassim, H. et al. Limitations to the determination of a laguerre-
gauss spectrum via projective, phase-flattening measurement.
Journal of the Optical Society of America B 31, A20 (2014).
[24] Leach, J., Padgett, M. J., Barnett, S. M., Franke-Arnold, S. &
Courtial, J. Measuring the orbital angular momentum of a sin-
gle photon. Physical review letters 88, 257901 (2002).
[25] Berkhout, G. C., Lavery, M. P., Courtial, J., Beijersbergen,
M. W. & Padgett, M. J. Efficient sorting of orbital angular mo-
mentum states of light. Physical review letters 105, 153601
(2010).
[26] Mirhosseini, M., Malik, M., Shi, Z. & Boyd, R. W. Efficient
separation of the orbital angular momentum eigenstates of light.
Nature communications 4, 2783 (2013).
[27] Shiloh, R., Lereah, Y., Lilach, Y. & Arie, A. Sculpturing the
electron wave function using nanoscale phase masks. Ultrami-
croscopy (2014).
[28] Pozzi, G. et al. Experimental realization of the Ehrenberg-
Siday thought experiment. Applied Physics Letters 108, 083108
(2016).
[29] Beleggia, M., Kasama, T. & Dunin-Borkowski, R. E. The quan-
titative measurement of magnetic moments from phase images
of nanoparticles and nanostructures—i. fundamentals. Ultrami-
croscopy 110, 425–432 (2010).
[30] Juchtmans, R. & Verbeeck, J. Local orbital angular momentum
revealed by spiral-phase-plate imaging in transmission-electron
microscopy. Physical Review A 93, 023811 (2016).
[31] Beleggia, M. et al. Towards quantitative off-axis electron holo-
graphic mapping of the electric field around the tip of a sharp
biased metallic needle. Journal of Applied Physics 116, 024305
(2014).
[32] Bent, N. et al. Experimental realization of quantum tomography
of photonic qudits via symmetric informationally complete pos-
itive operator-valued measures. Physical Review X 5, 041006
(2015).
Supplementary Materials Materials and Methods, Supple-
mentary Text, and Fig. S1.
Acknowledgments V.G. acknowledges the support of the
Alexander von Humboldt Foundation. H.L., F.B, R.W.B. and
E.K. acknowledge the support of the Canada Research Chairs
(CRC) and Canada Excellence Research Chairs (CERC) Pro-
gram.
Author Information The authors declare no competing fi-
nancial interests. Correspondence and requests for materi-
als should be addressed to E.K. (ekarimi@uottawa.ca) or V.G.
(vincenzo.grillo@unimore.it).
6SUPPLEMENTARY MATERIALS FOR
MEASURING AN ELECTRON BEAM’S ORBITAL ANGULAR MOMENTUM SPECTRUM
Part 1: DEVICES TO GENERATE TEST WAVEFUNCTIONS
To generate OAM carrying electrons, a exp (iα(ϕ)) term must be added to the formulation of their wavefunctions, where α(ϕ)
is a function depending on the azimuthal coordinate (ϕ ∈ [0, 2pi]). To do so, we employ phase masks which will introduce
some losses to the intensity of the electron beam which can be attributed to absorption. We modify the term imparted to the
wavefunctions to exp (iα(ϕ) − a(ϕ)), where a is a positive constant accounting for any absorption related effects.
Two-level masks
The phase designed to be added by a two level mask is defined by
α(ϕ) =
0 0 < mod(nϕ, 2pi) < piδ0 pi < mod(nϕ, 2pi) < 2pi . (S1)
where mod(x, b) yields the remainder of the division of x by b and n is an integer. It thus follows that such a plate’s influence on
an electron’s wavefunction is provided by the terms
ψ˜(ϕ) =
1 0 < mod(nϕ, 2pi) < piexp(−a + i δ0) pi < mod(nϕ, 2pi) < 2pi . (S2)
To obtain the OAM components of a beam generated by such a mask, we must find the expansion coefficients of this term’s
Fourier series expanded in ϕ, namely
c` =
1
2pi
∫ 2pi
0
ψ˜(ϕ) exp(i `ϕ) dϕ (S3)
=

n
`pi
[−1 + exp(−a + i δ0)] ` = nm
0 ` , nm
1
2 [1 + exp(−a + i δ0)] ` = 0
(S4)
where m is an odd integer. For non-absorptive masks, i.e. a = 0, these coefficients become
c` =

2n
`pi
(exp(i δ0/2) sin(δ0/2)) ` = nm
0 ` , nm
exp(i δ0/2) cos(δ0/2) ` = 0
. (S5)
Due to their well-defined periodicity, these holograms have very strong selection rules.
Spiral masks
These masks are designed to add a phase of α(ϕ) = (δ0mod(nϕ, 2pi))/2pi to electron wavefunctions. As in the case of two-level
masks, we use the corresponding Fourier coefficients to determine the OAM content acquired by electrons upon propagation
through this type of element. These coefficients are provided by
|c` | =
 sin(
2pi`
n +δ0)
`+δ0/2pi
, ` = nm
0, ` , nm
(S6)
where m is a positive integer. For δ0 = 2pi, the hologram produces a vortex beam carrying OAM of ` = n.
7Part 2: SORTER AND CORRECTOR HOLOGRAMS
The required “unwrapping” process can be achieved by means of a log-polar coordinate transformation through the use of two
coupled diffractive holograms. However, due to some differences between the optical sorter and our electron microscope-based
apparatus, we must resort to bringing slight adaptive corrections to the phase grating of these holograms. On one hand, the phase
corresponding to the first one is modified to
Λ1 = ϕ0 sign
sin 2pi a y arctan ( yx
)
+ x ln
 √x2 + y2b
 + x (S7)
where a and b are two parameters scaled to optimize the method’s experimental efficiency while sign denotes the sign function.
On the other hand, the added phase associated with the second hologram becomes
Λ2 = ϕ1 sign
(
sin
(
2pi a b exp
(
−2piu
a
)
cos
(
2pi
v
a
))
+ 2pi c v
)
, (S8)
where u = −a ln
( √
x2 + y2/b
)
, v = a arctan (y/x), and c consists of an additional scaling parameter. For our sorter, we used
parameters of a = 2, b = 0.01, and c = 0.6. The factors ϕ0 and ϕ1 in the phase expressions of both elements should take values
of pi in order to maximize their respective diffraction efficiencies. Moreover, in order to adapt this method to a transmission
electron microscope (TEM), supplementary sets of lenses and apertures were also added.
Part 3: OAM SPECTRUM PROCESSING
Experimental OAM spectra obtained from the sorter were analyzed using conventional spectroscopy techniques. Background
noise is first subtracted from the obtained signal by fitting it to a third order polynomial and then subtracting the fit from the raw
data as shown in Fig. S1-a. The OAM scale of the spectra is then calibrated using data obtained from a reference beam. In our
case, this reference consisted of a superposition of ±4 OAM states and a reference beam carrying no OAM, both of which are
depicted in Fig. S1-b. The calibrated signal is then deconvoluted using the maximum entropy method after clipping negative
values in the spectra. The effect of the employed deconvolution algorithm is shown in Fig. S1-c. Finally, a binning procedure
is conducted by assembling all pixels between values of ` − 0.5 and ` + 0.5 from which we obtain discretized OAM spectra.
Optimizations of the binning offsets are also performed in order position the spectra’s maxima in the centre of their respective
bins.
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FIG. S1. Obtained OAM spectra at various stages of its processing. a Raw data obtained from the sorter’s output along with the fitted
background and the background subtracted data. b Background subtracted data along with the reference zero-OAM electron beam used for the
sorter’s calibration. c Raw calibrated OAM spectrum and its deconvoluted version.
Part 4: ANALYSIS OF THE INTERACTION BETWEEN THE DIPOLE AND ELECTRONS
We can obtain the expansion coefficient c` attributed to the phase added by a magnetic dipole onto an electron beam by
performing a Fourier transform of the term, g as introduced in Eq. (2), added by the dipole onto the wavefunction of the
8electrons. This transformation must be performed in terms of the Cartesian coordinates (u, v) of the plane in which the beam is
unwrapped. It therefore follows that these coefficients are given by
cp,` =
∫ +∞
−∞
∫ +∞
−∞
exp(i χ(r(u)) sinϕ(v)) exp(i `v) exp(i up) du dv (S9)
Given that our transformed coordinates are defined by u = −a ln(r/b) and v = aϕ, we perform according variable substitutions in
order to obtain an expression for the coefficients in terms of polar coordinates. For simplicity, we assume that a and b are equal
to 1 and obtain
cp,` =
∫ 2pi
0
∫ ∞
0
exp(i χ(r) sinϕ) exp(i `ϕ) exp(−i ln(r)p) dr dϕ (S10)
In the case where an intermediate aperture is added to sorter’s configuration, we may model this addition by modulating the above
integrand by a Gaussian function or more precisely a radial step-function W(r). In the case where this aperture is sufficiently
narrow, we may consider that the main coefficients in the OAM spectrum are for p values satisfying p ≈ 0 hence allowing us to
neglect any other values of p. Based on these considerations, we may further simplify our expansion coefficients to
c` ≈ c0,` =
∫ 2pi
0
∫ ∞
0
exp(i χ(r) sinϕ) exp(i `ϕ)W(r) dr dϕ. (S11)
We then expand exp(i χ(r) sinϕ) using the Jacobi-Anger identity. Due to the orthonormality between the exponentials in the
resulting expression, we may further simplify the expansion coefficient to
c0,` =
∫ ∞
0
J`(χ(r))W(r) dr ≈
∫ r0+σ
r0−σ
J`(χ(r)) dr (S12)
where the bounds of integration r0 −σ and r0 +σ are used to approximate the influence of the modulating apperture function on
the expansion coefficients. From this expression, we observe that c0,` ≈ 0 when χ(r)  `. Likewise, in the case where χ(r)  `,
the integrand oscillates rapidly and integration over these larger r values will likewise yield negligible contributions. Therefore,
these c0,` coefficients will only hold significant values over a range where χ(r) is near |`|.
